Branching ratios, lepton forward-backward asymmetries, and lepton polarization asymmetries for the flavor-changing neutral current (FCNC) dileptonic decays of the Λ b baryon to the ground state and a number of excited state Λ baryons are calculated using form factors extracted using wave functions from a constituent quark model. The SM branching ratios for the transition to the ground state calculated using these quark model form factors are consistent with the recent measurement reported by the LHCb collaboration. It is shown that the lepton polarization asymmetries are largely insensitive to the transition form factors and, therefore, to the effects of QCD in the nonperturbative regime. These observables can therefore provide somewhat model independent ways of extracting various combinations of the Wilson coefficients.
I. INTRODUCTION
Flavor-changing neutral current (FCNC) processes involving heavy hadrons are of significant interest. These Glashow-Iliopoulos-Maiani (GIM) suppressed decays are important sources of information about the loop structure of the Standard Model (SM) and are useful for constraining new physics beyond the standard model (SM). The main problem one has in investigating processes involving these transitions is in the evaluation of the hadronic matrix elements of the weak currents. These hadronic matrix elements are usually written in terms of several unknown form factors that parametrize the uncalculable nonperturbative QCD dynamics. Heavy quark effective theory (HQET) [1] , quark models [2, 3] , QCD sum rules (QCDSR) [4] , lattice QCD (LQCD) [5] , etc., have been employed in the approximation or modeling of these form factors.
When investigating the FCNC decays of heavy hadrons, several experimentally measurable quantities contain valuable information about the Wilson coefficients that enter into the effective Hamiltonian that describes these decays. Among these are observables involving the final state leptons. These lepton asymmetries are important because, being defined as ratios of decay rates, they are expected to be less sensitive to the nonperturbative QCD dynamics. Thus, they should offer somewhat model independent ways of determining the values of the Wilson coefficients, which is crucial to the determination of any new physics.
Theoretical investigations into FCNC processes involving B mesons have been carried out extensively . Relativistic quark models [20] , perturbative QCD (pQCD) [40] , light-cone sum rules (LCSR) [14, 28, 34, 45] , along with other techniques, have been employed to estimate hadronic matrix elements and model the necessary form factors. These form factors have been used to calculate observables for both radiative and dileptonic decays both within the SM and for various beyond-the-SM scenarios, such as supersymmetric (SUSY) models [28, 33, 41] , models with universal extra dimensions (UEDs) [51] , and other new physics (NP) scenarios [43, 45] .
Similarly, there have been theoretical efforts to estimate these matrix elements for FCNC processes involving Λ b baryons [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] . The majority of what has been put forth involves employing HQET to reduce the number of independent form factors to two universal form factors, valid for all currents, and then a model of some kind is used to extract these two form factors. LCSR [53-55, 63, 64] , QCDSR [56] [57] [58] [59] 62] , multipole model parametrizations (PM) [56, 58, 60] , pQCD [61] , bag models [59] , and LQCD [65] have all been employed to calculate form factors for transitions to ground state Λs.
In a previous work [52] , a nonrelativistic constituent quark model was employed in calculating the transition form factors for Λ b → Λ ( * ) . Two approximation schemes were used to compute the form factors. The first method involved the use of single component wave functions obtained from a variational diagonalization of a quark model Hamiltonian. To compute the matrix elements, the quark operators were reduced to their Pauli form with the form factors being extracted analytically. Form factors obtained from this approximation are called SCA form factors. This method had been used previously [68, 69] to obtain reasonable estimates of the decay rates for the semileptonic decays Λ b → Λ c ℓν ℓ and Λ c → Λℓν ℓ .
In the second approximation scheme, the full relativistic form of the quark current and the full quark model wave function were kept in a numerical extraction of the form factors. These form factors are called MCN form factors.
Both the SCA and MCN form factors were shown to obey the expectations of leading order HQET. Both sets of form factors were used to compute the differential decay rates, branching ratios (BRs), and lepton forward-backward asymmetries (FBAs) for transitions to ground state Λ and a number of its excited states. The BRs obtained using both sets of form factors with SM Wilson coefficients were found to lie just below the lower limit of the CDF collaboration's measurement of Λ b → Λ(1115)µ + µ − , while the BRs obtained with SUSY Wilson coefficients were consistent with the CDF observation.
In this paper, we examine the weak baryonic FCNC process Λ b → Λ ( * ) ℓ + ℓ − (ℓ = µ, τ ). We will reexamine the BRs and FBAs of our previous work [52] with updated MCN form factors. We will also examine the longitudinal, transverse, and normal components of the lepton polarization asymmetries (LPAs). It has been shown that for B meson decays that the LPAs are largely independent of the form factors in certain limits [6, 11, 12, [14] [15] [16] [17] . We explore whether LPAs for the decays of the Λ b are also independent of the form factors in any kinematic regimes.
The rest of this paper is organized as follows: in Section II, we present the decay amplitude, as well as expressions for the decay rates, and forward-backward asymmetries. Additionally, we present the form of the lepton polarization asymmetries in this section. In Section III, we present the relationships among the form factors expected from HQET, as well as the HQET forms for the BRs, FBAs and LPAs. Numerical results for the form factors, branching ratios, lepton forward-backward asymmetries, and lepton polarization asymmetries are presented in Section IV. We present our conclusions and outlook in Section V. Some details of the calculation are shown in the Appendices.
II. DECAY RATES AND LEPTON ASYMMETRIES

A. Decay Amplitude
The amplitude for the dileptonic decay of the Λ b baryon is
where, for transitions to states with J = 1/2,
For transitions to states with J = 3/2,
while for those with J = 5/2,
For transitions to states with natural parity spinors,
and for transitions to states with unnatural parity,
The C i are the Wilson coefficients and the expressions for the F (T ) i and G
(T ) i
etc., are given in Appendix A. In our analysis of the dileptonic decays, we include the long distance contributions coming from the charmonium resonances J/ψ, ψ ′ , . . . etc. To include these resonant contributions, we replace the Wilson coefficient C 9 in Eq. A2 with the effective coefficient 
where κ j are phenomonological parameters introduced to compensate for VMD and FA, m j , Γ j , and Γ(j → ℓ + ℓ − ) are the masses, total widths, and partial widths of the resonances, respectively, and
Kinematics of the dilepton rest frame.
B. Decays Rates and Forward-Backward Asymmetries
The decay rate is
For unpolarized baryons, |M| 2 is the squared amplitude averaged over the initial polarization and summed over the final polarizations,
For unpolarized leptons, the leptonic tensors L f µν are
The hadronic tensors H µν f are H where p h is the magnitude of the 3-momentum of either baryon in this frame. In addition, we have defined
Performing the contractions, the differential decay rate becomes
whereẑ = cos θ. In these decays, 4m
2 ℓ ≤ŝ ≤ (1 − √ r) 2 and −1 ≤ẑ ≤ 1. The normalized rate F 0 (ŝ,ẑ) has the form
where
and
The terms proportional toẑ andẑ 2 are
respectively. Integrating overẑ in Eq. 23 yields
The functions I 0 and I 2 are given in Eqs. 25 and 28. The explicit forms of the coefficients α, β ±± , and γ are given in [52] . Another observable of interest is the forward-backward asymmetry (FBA) which is defined as
Using Eqs. 23 and 24, we find that
where R F B (ŝ) = I 1 (ŝ)/2 and I 1 is given in Eq. 27.
C. Polarized Leptons
Polarization observables such as lepton polarization asymmetries (LPAs) are also sensitive to physics beyond the Standard Model and like FBAs may be less sensitive to the model used to extract the form factors. The spin four-vectors for the leptons are given as
where ξ ± are the leptons' spins in their rest frames. The unit vectors along the longitudinal, transverse and normal components of polarization are defined to bê
Using the spin projectors 1 2 (1 + γ 5 S / ± ), the polarization asymmetries can now be calculated. When a single lepton is polarized, the differential decay rate becomes
where F 1 (ŝ,ẑ) has the form
F 0 (ŝ,ẑ) is given in Eq. 24 and
with
Integrating Eq. 35 over dẑ, we find that the polarized rate is related to the unpolarized rate by
where (dΓ/ds) 0 is the unpolarized rate given in Eq. 29,
and the P x are the single lepton polarization asymmetries (SLPAs). The SLPAs can be extracted as
where ξ ± x =ê ± x · ξ ± and x = L, T, N for longitudinal, transverse, and normal components, respectively. From Eq. 39, we find that the SLPAs can be written as
with R 0 given in Eq. 30 and
The nonzero J -functions for the longitudinal component are
Thus, for the longitudinal component, we have
From Eqs. 43 and 44, we see that P
It was shown in [52] that
where D j and E j are given in Eq. A21 for states with natural parity and in Eq. A22 states with unnatural parity. We note that η
and η
Thus,
From Eq. 47, we see that
T . The nonzero J -functions for the normal component are
Therefore,
It should be noted that the longitudinal component of the lepton polarization is a parity odd and CP-even observable just like the FBAs; however, the transverse component is T-odd. The explicit forms of the various α, β ±± , and γ are given in [52] .
III. HEAVY QUARK EFFECTIVE THEORY
It is well known that for heavy-to-light transitions, to leading order in heavy quark effective theory (HQET), only two independent form factors are required to parametrize hadronic matrix elements for baryon transitions. In this section, we present the matrix elements of the hadronic currents in terms of the HQET form factors and give the relationships among these form factors and those of the full theory as presented in Appendix A. We also present the expressions for the normalized rates and lepton asymmetries in the heavy quark limit.
A. Form Factor Relations
For transitions to any state with J P = 1/2 + , the hadronic matrix elements for any current operator Γ have the form
and for transitions to
Here, the ξ i (ζ i ) are the form factors for transitions to the state with natural (unnatural) parity. Thus, in the limit where the b quark is infinitely heavy, the form factors defined in Appendix A satisfy
for transitions to J P = 1/2 + , while for transitions to J P = 1/2 − , we have
For transitions to any state with J P = 3/2 − , the hadronic matrix elements have the form
In the heavy quark limit, for transitions to states with J P = 3/2 − , we find that
while for transitions to states with J P = 3/2 + , we get
2 ,
For transitions to any state with J P = 5/2 + , the hadronic matrix elements have the form
In the heavy quark limit, we find that
B. Decay Rates and Asymmetries
For convenience, we denote the HQET form factors ξ
generically as ℵ i . In terms of these form factors, the normalized rate (Eq. 30) for transitions to any of the states we consider can be written
The funcion ρ(ŝ, r) takes the form
In the heavy quark limit, the numerators of all of the asymmetries can now be written
with the asymmetries becoming
The D X all have the form
For the FBAs,
For the SLPAs,
It is worth emphasizing that the D 
IV. RESULTS
A. Form Factors
For the numerical calculations, we use form factors that result from the SCA and MCN approaches outlined in [52] . The parameters for the quark model wave functions used in the extraction of the form factors are taken from [71] and are given in Tables I and II. The form factors calculated using the SCA model have the form
where A 0 is the value of the form factor at the nonrecoil point, m q is the mass of each light quark,
is the daughter baryon momentum in the Λ b rest frame. The explicit expressions for these form factors are given in [52] .
The form factors calculated using the MCN model are parametrized to have the form
The parameters a 0 , a 2 , and a 4 for the vector and axial vector form factors are given in Table III . The parameters for the tensor form factors are given in Table IV . The SCA form factors have all of their kinematic dependence in the form of a Gaussian in the momentum of the daughter baryon (Eq. 73), calculated in the rest frame of the parent, whereas the MCN form factors have an additional multiplicative polynomial dependence in the daughter baryon's momentum (Eq. 74). Depending on the relative sizes of a 0 , a 2 , and a 4 in Eq. 74, the SCA and MCN form factors can have quite different shapes [52] .
In Section III, relationships among the form factors of the full theory and those of leading order HQET are presented. It is expected that for transitions to all states that
For transitions to states with natural parity it is expected that
while for transitions to states with unnatural parity,
From the explicit forms of the SCA form factors given in [52] and the MCN parameters given in Tables III and IV , we see that both sets of form factors satisfy the above relations. The expressions for the leading order HQET predictions given in Section III can be inverted to give
for transitions to states with natural parity, and
for transitions to states with unnatural parity. It is useful to extract the ξ i (ζ i ) independently from the vector, axial vector and tensor form factors, and compare the three different forms obtained in this way. Figs. 2-7 show the three extractions for these form factors from both the SCA and MCN models for all transitions we consider here. As can be seen, the form factors obtained using the axial vector and tensor form factors are virtually identical in both models. The set obtained from the vector form factors is also in very good agreement with the other sets as well. This shows clearly that the form factors obtained from both the SCA and MCN models satisfy the leading order expectations of HQET. However, the curves from the three extractions should not be expected to be identical, since the expressions for the F i , G i and H i in terms of universal HQET 'Isgur-Wise' type functions will receive corrections due to the finite mass of the b quark. Additionally, we see that the ξ 2 (ζ 2 ) fall off much faster than ξ 1 (ζ 1 ) as q 2 → 0, and is approximately zero for small q 2 . This implies that ξ 1 (ζ 1 ) is dominant in this region and the matrix elements can be described by a single form factor. This is consistent with what is expected from soft collinear effective theory (SCET) [63, 64] .
Another expectation of HQET is that the form factors for Λ b → Λ should be the same as those for Λ c → Λ, up to terms of order 1/m Q , where m Q is the mass of the heavy quark. The CLEO collaboration has extracted the ratio ξ 2 /ξ 1 = −0.25 ± 0.14 ± 0.08 at the nonrecoil point for the transition Λ c → Λ(1115) [72] . Table V shows our predictions for this ratio with all three independent extractions from both the SCA and MCN form factors. For the transition to the ground state, our values from both the SCA and MCN models for this ratio are consistent with the value reported Form Factors
. The graphs show the HQET form factors calculated using the vector, axial vector, and tensor form factors using (a) SCA and (b) MCN models. Form Factors
by CLEO. In addition to the SCA and MCN form factors, we also use form factors from light-cone sum rules (LCSR), QCD sum rules (QCDSR), and a multipole model (PM) for transitions to the ground state. In these approaches, only the two universal HQET form factors are used. The LCSR form factors are parametrized to have the form
where f (0) is the value of the form factor at q 2 = 0. The parameters for the LCSR form factors are taken from [53] and are presented in Table VI . We note here that the form factors f 2 and g 2 in Table VI are not the HQET form factors but are related to them by
The QCDSR form factors have the form where ξ(0) is the value of the form factor at q 2 = 0. The parameters for the QCDSR form factors are taken from [56] and are also presented in Table VI . The PM form factors are given by
The parameters for these PM form factors are also taken form [56] and are given in Table VI as well.
B. Branching Ratios
In this section, we present branching ratios (BRs) for dileptonic decays using both sets of form factors. The results we present are obtained using Wilson coefficients that have been calculated in the standard model (SM), with both sets of form factors. We also examine one scenario that arises beyond the SM, namely a supersymmetric (SUSY) extension to the SM, but there we use the MCN form factors exclusively. In our numerical calculations, the SM values of the Wilson coefficients are taken from [55] and the SUSY values are taken from [53] . These values are presented in Table VII . In [55] , the Wilson coefficients are evaluated using a naive dimensional regularization scheme at the scale Form Factors
The top quark mass is taken to be m t = 174 GeV and the cut-off Λ MS = 225 MeV, where M S denotes the modified minimal subtraction scheme. The SUSY model used here is referred to as SUSYI in Ref. [53] . SUSYI corresponds to the regions of parameter space where supersymmetry can destructively contribute and can change the sign of C 7 , but contributions from neutral Higgs bosons are neglected. Since the BRs for the e and µ channels are essentially the same, in what follows, we present the results for the µ and τ channels only.
The branching ratios predicted for the µ and τ channels are presented in Tables VIII and IX, respectively. Each  table displays the results for the SM calculations using two models for the form factors, as well as one SUSY scenario with the MCN form factors. In addition, results obtained omitting and including the long distance (LD) contributions are presented. For ease of discussion, we will refer to the results obtained in the SM as SM1 for the SCA form factors, and SM2 for the MCN form factors. SM1a and SM2a will refer to results with LD contributions omitted, while SM1b and SM2b will refer to results with LD contributions included. Finally, SUSYa and SUSYb will refer to the results obtained using Wilson coefficients from the supersymmetric extension to the standard model discussed above, with the SUSYa (SUSYb) results obtained when LD contributions are omitted (included). For transitions to the ground state, we also compare our model predictions with those made by LCSR, QCDSR, and PM form factors using SM Wilson coefficients and Eqs. 62-64, as well as with the recent experimental results from the CDF collaboration [66] and the more recent LHCb collaboration [67] .
As can be seen in Tables VIII and IX, SM1 , SM2, and SUSY predictions for the transitions to Λ(1890) and Λ(1820) Ratio of HQET form factors, ξ2/ξ1 (natural parity) or ζ2/ζ1 (unnatural parity), at the nonrecoil point (maximum q 2 ). The HQET form factors are extracted independently from the vector, axial vector, and tensor form factors of the full theory using both the SCA and MCN models. are very small, and are therefore unlikely to be observed: these decay modes will not be discussed any further in this section.
The differential BRs for the decays to the ground state are shown in Fig. 8 . In the graphs, the solid curves are SM1 predictions, the dashed curves are SM2 results, and the dot-dashed curves are from SUSY. The BRs are enhanced by the resonance contributions in both the µ and τ channels, but the enhancement is significantly less in the τ channel, as seen in Tables VIII and IX. In the µ channel, the BRs we obtain in both SM scenarios and SUSY are smaller than those obtained by the LCSR, QCDSR and PM predictions. However, our SMa results lie just below the margin of error of the CDF measurement but within that of the LHCb measurement. Our SUSYa prediction is within the margin of error of both the CDF and LHCb measurements. It can also be seen in Table VIII that the LCSR prediction is much larger than both reported experimental values. In the τ channel, our results in models SM and SUSY are smaller than the LCSR prediction for the ground state, but are comparable to the results obtained using QCDSR and PM. Fig. 9 shows the differential BRs for decays to Λ(1600), the first radial excitation. The SM1 predictions shown in Tables VIII and IX that decays to this state are the dominant rare decay mode of the Λ b . The truncations of the quark currents and the form factors in SM1 have lead to significant underestimates of the BRs for decays to this state in both the µ and τ channels.
Figs. 10(a) and (b) show the differential BRs to the lowest-lying 1/2 − state, the Λ(1405), assuming that it is a three-quark state (there is at least one other suggestion for the structure of this state in the literature [74] ). From the graphs, it can be seen that SM2 predicts a larger BR than SM1, and this is seen in Tables VIII and IX. The SUSY BRs are significantly larger in both decay channels over the entire kinematic range. larger in both the µ and τ channels. For this state, SM2b predicts that the BR into this state is very similar to the BR into the ground state. We conclude this section by noting that our SM1, SM2, and SUSY predictions agree with the more recent and more precise measurement of the LHCb collaboration. SM1 predicts that decays to the ground state dominate the rare decays of the Λ b in the µ channel, but SM2b indicates that decays to the first radial excitation are the dominant mode, with the BR for Λ(1520) being similar in magnitude to the BR for the ground state. In addition, the BR for the Λ(1405) mode is only slightly smaller than the BR for decays the ground state. These results imply that searches for rare decays of the Λ b , such as those being carried out by the LHCb collaboration, should include excited final states, as the BRs for these decay modes can be sizable. This is consistent with the current experimental status in the rare decays of the B meson, where decays to the K and K * account for less than half of the inclusive dileptonic decay rate.
C. Lepton Asymmetries
Lepton Forward-Backward Asymmetries
The differential forward-backward asymmetries (FBAs) A F B (ŝ) are shown in Figs. 12-15 . The key to the curves is the same as the differential BRs. In addition to the differential asymmetries, the zeroes in the asymmetries also contain information on the Wilson coefficients, and are therefore of interest. It is also useful to introduce the integrated Table VIII . forward-backward asymmetry A F B in order to characterize the typical value of the FBA. This integrated FBA is defined as
The integrated FBAs we obtain are shown in Tables X and XI. The column labels have the same meaning as with the branching ratios shown in Tables VIII and IX. We also compare our model predictions with LCSR, QCDSR and PM predictions for transitions to the ground state using SM Wilson coefficients and Eqs. [63] [64] [65] [66] [67] [68] [69] . Tables XII and XIII show the locations of the zeroes in the FBAs without LD contributions.
Figs. 12(a) and (b) show the differential FBAs for decays to the ground state, in the µ and τ channels, respectively. The values of the integrated asymmetries, A F B , obtained in the SM1 and SM2 models, agree well with QCDSR and PM predictions for both channels, but is roughly an order of magnitude larger than LCSR predictions. It is very interesting to note that for this final state, the integrated asymmetry appears to be largely independent of the model employed for the form factors. The results of QCDSR and PM are consistent with this observation, but the results of LCSR depart significantly from this. The curves of Figs. 12(a) and (b) also indicate that the differential FBA for decays to this state are largely independent of the SCA or MCN form factors used. The FBAs for decays to Λ(1600) for the µ and τ channels are shown in Figs. 13(a) and (b), respectively. In the µ channel, the SM1 and SM2 models lead to significantly different FBAs over most of the kinematic range, and this is reflected in the values of the integrated FBAs. In addition, the locations of the zeroes are quite different in the two models. In the τ channel, the curves from the SM1 and SM2 models are closer than in the µ channel, and the integrated FBAs are very close.
The condition for the position of the zero(s) for decays to states with J P = 1/2 + is [52] Re(C *
This relation holds for J P = 1/2 − as well. From this relation, we see thatŝ 0 depends on the two combinations of Wilson coefficients, Re (C * 7 C 10 ) and Re (C * 9 C 10 ), and a ratio of form factors. For this final state, there is a single possible zero when LD contributions are omitted: LD contributions introduce other zeroes, as can be clearly seen in Figs. 12(a) and 13(a) . Using the form factors obtained in the two models we consider, the values ofŝ 0 are shown in Table XII for the µ channel. These values are in good agreement with QCDSR and PM predictions. However, the LCSR result is nearly twice as large as our result. For decays to states with J = 1/2, apart from the endpoints and resonance regions, there are no zeroes in the FBAs in either channel for the SUSY model we use. The zeroes that occur in the SM scenarios can be traced to the opposite signs of C 7 and C 9 . In the SUSY model that we employ here, C 7 and C 9 have the same sign, and the condition for the zero in Eq. 80 can no longer be satisfied. In addition, in the τ channel, even in the SM1 and SM2 scenarios, no zeroes are possible, apart from those induced by the resonance effects.
The FBAs predicted for decays to the Λ(1405) are shown in Fig. 14 . In these figures, we see that the predictions from SM1 and SM2 are somewhat different, and the locations of the zero are also different (see Table XII ). As with the decay to states with J P = 1/2 + , there are no zeroes in the FBA in the SUSY scenario we consider here. There are also no zeroes, apart from those induced by the resonance contributions, in the τ channel for any of the scenarios considered.
The predictions for the FBAs in the decays to the Λ(1520) are shown in Fig. 15 . The SM1 and SM2 models give slightly different asymmetries in the µ channel. Even without the LD contributions, the structure of the asymmetry arising from these decays is richer than in the decays to states with J = 1/2.
For J P = 3/2 − , the condition for the positions of the zeroes is [52] Re(C *
Here φ(ŝ) = (1 − r) 2 − 2(1 + r)ŝ +ŝ 2 and y ± (ŝ) = (1 ± √ r) 2 −ŝ / √ r. Similar expressions can be found for J P = 3/2 + , 5/2 + .
[52] As we can see in Fig. 15 , apart from the resonance region, there are two zeroes for this mode in the µ channel in the SM. The zero at the larger value ofŝ is also present in the τ channel. This is quite different from the case with J = 1/2 where there is only one zero in the µ channel and none for the τ . The positions of the zeroes in the µ channel are shown in Table XII . In the SUSY scenario that we explore, there is only one zero in the µ channel, and it sits atŝ = 0.527. In the τ channel, there is a single zero in the FBA, and its position is largely independent of the model used for the form factors.
The zeroes for the FBAs in decays to states with spin 1/2, along with the first zero in decays to the states with higher spin that we have considered, all lie relatively close to each other, despite the more complicated expression for the location of the zeroes for the states with higher spin. However, in Eq. 82 terms in F 4 , G 4 , F T 4 and G T 4 are negligible (they are exactly zero in the limit of an infinitely heavy b quark), so that the expression for the location of the zeroes reduces to one that is identical to the case of spin 1/2, Eq. 80. Furthermore
for states with natural parity, or 
independent of the angular momentum of the final state (at least, up to spin 5/2), and of the form factors. Using the SM Wilson coefficients along with the physical mass of the Λ b and the accepted mass of the b quark, this gives a value of 0.121. This number, obtained in this simplifying limit, is in surprisingly good agreement with the values of the lower zeroes shown in Table XII , for all states. Of course, there must be deviations from this simple limit, as the b quark is not infinitely heavy. However, it may be possible to systematically estimate the corrections to the value of 0.121. In addition, in the limit of an infinitely heavy b quark, the location of the zeroes is given by Eq. 85 (up to the corrections mentioned), since F 4 , G 4 , F T 4 and G T 4 all vanish explicitly in this limit. This means that in this limit, there can only be one zero in the FBAs if the form factors are treated in the strict heavy-quark limit. This also means that the location of this second zero may be sensitively dependent on the form factors, the angular momentum of the state being considered and, of course, on the Wilson coefficients. Surprisingly, the results shown in Table XIII suggest that the most important dependence is the angular momentum of the daughter baryon.
We conclude this section by returning to the discussion near the end of Section III B. There, it was pointed out that use of the HQET relations among form factors indicated that the shapes of the FBAs would be largely independent of the quantum numbers of the final state, and would be determined largely by the Wilson coefficients and kinematics. In The deviations should not be too surprising as ξ 2 /ξ 1 near the non-recoil point is sizeable for some of these states (see table V).
Lepton Polarization Asymmetry
Longitudinal Lepton Polarization Asymmetries
The differential longitudinal lepton polarization asymmetry (LLPA) P − L is shown in Figs. 17-21 . In Figs. 18-21 , the legends are the same as those for the differential BRs and FBAs in Figs. 8-15 . In order to characterize the typical values of the LLPA, we introduce the integrated LLPA, which is defined as
Since P
The integrated LLPAs we obtain are shown in Tables XIV and XV. The column labels have the same meaning as with the branching ratios shown in Tables VIII and IX. We also compare our model predictions with LCSR, QCDSR and PM predictions for transitions to the ground state using SM Wilson coefficients and Eqs. 63, 64, 67, 68, 70.
In Fig. 17 , we show the differential LLPA as a functions of q 2 for decays to the ground state, Λ(1115) for the SM2 case. Also shown in that figure are the results obtained for the free-quark process b → sℓ + ℓ − , and the leading order HQET result with no form factor dependence, D
0 . It can be seen that these curves are nearly indistinguishable. The closeness of the results obtained in the different limits is examined by plotting shown as the graph (c) in Fig. 17 . In that graph, the solid curve is obtained for the µ − , while the dashed curve is for the τ − . Except for a small region at low s in the case of the µ − , the difference between the two results is less than about 1.5% for most of the kinematic range allowed. For the τ the difference is larger, growing to about 2.5%. Note that an analogous quantity calculated for the HQET and LO (no form factor dependence) results shows a maximum deviation of 0.04%. Fig. 18 shows these same LLPAs as a function ofŝ for the SM1, SM2, and SUSY cases with and without LD contributions. The solid curves represent the results of SM1, the dashed curves are SM2 results, while SUSY results are the dot-dashed curves. The curves for the SM1 and SM2 cases are nearly indistinguishable over the entire kinematic range for the both the µ and τ channels. However, we see that there is a significant difference between the SM predictions and the SUSY result in both channels. These observations are borne out by the results presented in Tables XIV and XV. We also see from these tables that there is general agreement amongst our model results and those of LCSR, QCDSR and PM. Fig. 19 shows the predictions for LLPAs for decays to Λ(1600) for SM1, SM2, and SUSY models with both LD scenarios. The SM1 and SM2 results are essentially identical for both channels and this is reflected in the values of the integrated LLPAs. Again, the SM and SUSY results are quite different. 
The predictions for LLPAs for decays to Λ(1405) are shown in Fig. 20 . As can be seen, the predictions from SM1 and SM2 are nearly identical in both channels. The SUSY prediction is quite different from the SM predictions in both channels.
In Fig. 21 , the predictions for LLPAs for decays to Λ(1520) are shown. These figures show that the predictions from SM1 and SM2 are nearly identical while the SUSY prediction is quite different in both channels.
We conclude this section with the following observations. The LLPAs are largely independent of the form factor models; thus, they are free of hadronic uncertainties. This makes them optimal for the extraction of Re(C * and Re(C * 9 C 10 ) or their ratio. Additionally, it has been shown that this observable is quite sensitive to new physics. Because it is free of hadronic uncertainties, any deviation from SM predictions would be a clear signal of physics beyond the SM. Furthermore, Fig. 22 shows the prediction for this LLPA, plotted for all of the final states considered in this work, with the long distance contributions omitted. The results shown are obtained using the MCN form factors. The solid curve is for the ground state Λ(1115), the dashed curve arises from the Λ(1600), the dot-dashed curve is for the Λ(1405), and the dotted curve is for the Λ(1520). The four curves shown are indistinguishable from each other, indicating that this asymmetry is also independent of the final state considered. This conclusion does not change when the long-distance contributions are included. This is an astounding result, given that ξ 2 /ξ 1 is as large as -0.6 at the kinematic end-point for two of the states considered.
Transverse Lepton Polarization Asymmetries
The differential transverse lepton polarization asymmetry (TLPA) P values of the TLPA, we introduce the integrated TLPA, which is defined as
Since P + T = P − T , we will only discuss P − T . The integrated TLPAs we obtain are shown in Tables XVI and XVII. The column labels have the same meaning as with the branching ratios shown in Tables VIII and IX. We also compare our model predictions with LCSR, QCDSR and PM predictions for transitions to the ground state using SM Wilson coefficients and Eqs. 63, 64, 67, 68, and 71.
In Fig. 23 , we show the differential TLPAs for decays to Λ(1115) for SM1 and SM2 cases. We also show results for HQET using the the SCA (HQET1) and MCN (HQET2) vector form factors, as well as leading order results with no form factor dependence, D factors than do the LLPAs. However, as one can see, there is little distinction between the form factor models. The HQET1 and HQET2 curves are in strong agreement with each other, and the SM1 and SM2 curves are in reasonable agreement with each other as well. Though the TLPAs have a stronger dependence on the form factors, they appear to be essentially independent of the form factor model. This can also be seen from the results in Tables XVI and  XVII . We see that the SM1 and SM2 predictions are agreement with QCDSR and PM; however, LCSR prediction is different from the other SM predictions. Figure 24 shows the differential TLPAs for decays to the ground state from the SM1, SM2, and SUSY cases with and without LD contributions. Again, we see that both SM predictions are in agreement in both channels. However, the SUSY curves are significantly different from the SM curves. This is supported by Tables XVI and XVII, where we see that the SUSY predictions are quite different from the various SM predictions for the integrated TLPAs.
In Fig. 25 , we show differential TLPAs for transitions to Λ(1600). The story here is the same as with decays to the ground state. The SM1 and SM2 results are in agreement with each other, but the SUSY values are quite different. This is borne out by the values of the integrated asymmetries that are presented in Tables XVI and XVII. Tables XVI and XVII. There is a difference between the differential asymmetries in this mode and the previous ones; there is a zero in both the µ and τ channels for this mode that does not appear for states with J = 1/2. This is a situation that is similar to what was shown for the FBAs. Since the TLPAs are quite small, O(10 −4 ) for the µ and O(10 −3 ) for the τ , there is little hope of them being measured in the near (or even distant) future. We will therefore explore the locations of the zeroes no further.
In Fig. 28 we show P T for all of the states considered. The solid curve is for the ground state Λ(1115), the dashed curve arises from the Λ(1600), the dot-dashed curve is for the Λ(1405), and the dotted curve is for the Λ(1520). For s 0.25, the four sets of curves are indistinguishable. Form factor effects, particularly the large values of ξ 2 /ξ 1 near the kinematic end-point for some of the states, give rise to the deviations shown.
Normal Lepton Polarization Asymmetries
The differential normal lepton polarization asymmetry (NLPA) P 
The integrated NLPAs we obtain are shown in Tables XVIII and XIX In Fig. 29 , we show the differential NLPAs for decays to Λ(1115) for SM1 and SM2 cases. We also show results for HQET using the the SCA (HQET1) and MCN (HQET2) vector form factors, as well as leading order results with no form factor dependence,
0 . In the µ channel, the curves for five different cases are nearly indistinguishable. This could lead one to conclude that P ± N has little or no form factor dependence. This can also be seen from the results in Tables XVI and XVII . We see that the SM1 and SM2 predictions are agreement with QCDSR and PM; however, LCSR prediction for P − N is different from the other SM predictions in both channels. As with P L , we examine the ratio
shown as the graph (e) in Fig. 29 . In that graph, the solid curve is obtained for the µ − , while the dashed curve is for the τ − . For the entire kinematically allowed region, the ratio is less that 4.5% for the µ − , and less than 2% for the τ + Figure 30 shows the differential NLPAs for decays to the ground state from the SM1, SM2, and SUSY cases with and without LD contributions. Again, we see that both SM predictions are in agreement in both channels. For Tables XVIII and XIX. In Fig. 31 , we show differential NLPAs for transitions to Λ(1600). What we find here is the same as with decays to the ground state. The SM1 and SM2 results are in agreement with each other, while the SUSY prediction, excluding the resonance regions, for P Tables XVIII and XIX. In Fig. 34 we show P N for all of the states considered. The solid curve is for the ground state Λ(1115), the dashed curve arises from the Λ(1600), the dot-dashed curve is for the the Λ(1405), and the dotted curve is for the Λ(1520). As with P L , the four curves are indistinguishable despite the large values of ξ 2 /ξ 1 near the kinematic end-point for some of the states. As with P L , inclusion of the long-distance contributions of the charmonium resonances doesn't change the indistinguishability of the curves.
V. CONCLUSIONS AND OUTLOOK
In this work, we have investigated the rare weak dileptonic decays of the Λ b baryon using the SCA and MCN form factors extracted from a constituent quark model. We have examined the BRs, FBAs, and SLPAs for decays to a number of Λ final states, in a number of scenarios. We have compared our results with the predictions of LCSR, QCDSR and PM form factor models, as well as the µ-channel measurements reported by the CDF and LHCb collaborations. Our SM predictions for decays to the ground state are smaller than the CDF measurement and the predictions of other models in the µ channel, but are in agreement with the more precise measurement of LHCb. Additionally, our SUSY values are well within the margins of error of both the CDF and LHCb measurements. In the τ channel, our model results are in agreement with QCD sum rules and pole model predictions.
SM1 predicts that decays to the ground state are dominant in the µ channel. In SM2a, this mode is also dominant, but in SM2b, decays to Λ(1600) are dominant. SM2b also predicts that the decay rate to the Λ(1520) is comparable with the decay rate to the ground state, with the decay rate to the Λ(1405) being only slightly smaller. These results are consistent with the current status of the rare dileptonic decays of B mesons, where decays to the two lowest lying kaons are insufficient to saturate the inclusive rate, and in fact account for less than 50% of the inclusive rate. These results also suggest that it might be prudent for the LHCb collaboration to search for rare decays in modes other than the Λ(1115).
There is, however, a very important caveat. Decays in which the q 2 of the dileptons is near the mass-squared of the two lowest-lying vector charmonium resonances are inaccessible experimentally, as they are embedded in the much larger background coming from (tree-level) nonleptonic decays with vector charmonia in the final state. Our results obtained omitting the vector charmonia, the SM1a and SM2a models, are therefore closer to experimental reality, and these scenarios suggest that decays to the Λ(1115) are indeed the dominant rare decay mode of the Λ b . Nevertheless, the SM2a model that uses the more precise calculation of the form factors indicates that there will be a sizable fraction of rare decays into excited states of the Λ.
For some decay modes, such as decays to the Λ(1115), the FBAs are largely independent of the model choice for much of the kinematic range. For other modes, particularly the Λ(1600), there are significant differences between the predictions of the SM1 and SM2 models. The zero that occurs at lower values ofŝ in these FBAs turns out to be largely independent of the angular momentum of the daughter baryon, but with some dependence on the form factors. Nevertheless, this form factor dependence is surprisingly small. For decays to states with J ≥ 3/2, these FBAs in general have more than one zero (for the states we have considered, there is one additional zero). At leading order in HQET, the second zero does not exist. For decays to the ground state, it is known that the positions of the zeroes are modified in many scenarios that arise beyond the SM. This is also found to be true of the excited states, not surprisingly. Thus, it would be crucial to know the number of zeroes and their positions reliably (assuming that there will ever be sufficient statistics for the differential FBAs to be extracted with high precision). Our results indicate that the leading order predictions of HQET are misleading in this regard.
Additionally, we have shown that the SLPAs are largely independent of the form factor model chosen. Thus, SLPAs can be useful in determining the values of the Wilson coefficients and in looking for new physics beyond the SM. Furthermore, two of the SLPAs are independent of the final state examined, suggesting that measurement of these SLPAs for inclusive processes may offer a useful way of extracting information on the Wilson coefficients. In addition to the lepton asymmetries, there are also baryon polarization asymmetries that can be studied. Since baryonic decays could maintain the helicity structure of the effective Hamiltonian, baryon asymmetries may also be sensitive to beyond the SM scenarios.
Appendix A: Matrix Elements and Form Factors
In this appendix, we present the matrix elements of the hadronic currents used in this work in terms of the full set form factors for each transition considered. The hadronic amplitudes are expressed in terms of a set of auxiliary form factors and the relationships among the hadronic form factors and these auxiliary form factors are also given.
Recall that the amplitude for the dileptonic decay of the Λ b baryon is given by 
where the C i are the Wilson coefficients, T R is the matrix element of the right-handed tensor current
and J L is the matrix element of the standard V − A current
The matrix elements in Eqs. A4 and A5 contain the four basic currentssγ µ b,sγ µ γ 5 b,siσ µν b andsiσ µν γ 5 b. We will now present the matrix elements for these currents for each of the transitions we consider here.
For transitions between the ground state and any state with J P = 1/2 + , the matrix elements of the hadronic currents are
where we have used v = p Λ b /m Λ b , v ′ = p Λ /m Λ , and
The F i , G i , and H i are the form factors which are functions of the square of the 4 momentum transfer
between the initial and final baryons. Since
the matrix elements involving the currentsiσ µν γ 5 b can be related to those involvingsiσ µν b. The above matrix elements involve transitions to a state with natural parity, i.e. states with parity (−1) J−1/2 . The equations involving transitions to states with unnatural parity can be found by inserting γ 5 to left of the parent baryon spinor in the equations for natural parity.
The matrix elements for the tensor currents can be written in a more convenient form. By contracting Eq. A8 on both sides with the four-momentum transfer q ν and using the equations of motion, for transitions to states with J P = 1/2 + we have
where the effective tensor form factors are
For the axial tensor current, the matrix elements are given by
Similarly, for transitions to states with J P = 1/2 − , the matrix elements for the tensor and axial tensor currents are
respectively, where
For transitions to states with J = 1/2, we can now write Eqs. A2 and A3 in the form
where, for transitions to states with natural parity, the auxiliary form factors are given by
2. J = 3/2
The matrix elements for decays to daughter baryons with J P = 3/2 − , a state with natural parity, are given by
The spinorū α is a Rarita-Schwinger spinor and satisfies the conditions 
Again, the matrix elements for transitions to states with unnatural parity can be found by inserting γ 5 to the left of the parent baryon spinor in the equations for natural parity. For transitions to states with J P = 3/2 − , the tensor and axial-tensor current in terms of their effective form factors are given by
